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1. Introduction
The compound sputtering yield is an important parameter 
during reactive magnetron sputter deposition. This material 
dependent variable does not only play a crucial role in mod-
eling the shape and width of the well-known hysteresis during 
reactive magnetron sputtering [1, 2], it is also vital in thin 
film deposition as it determines to a large extent the deposi-
tion rate in the poisoned mode. The quantification of the com-
pound sputtering yield is therefore both from a technological 
as well as from an academic viewpoint crucial. Quite often its 
value is obtained from semi-empirical models [3, 4] or from 
binary collision simulations [5, 6]. It is however known that 
the surface binding energy dominates the sputtering yield 
[7]. The lack of knowledge about the correct surface binding 
energy of the individual components of the compound hin-
ders both approaches. From this perspective, an experimental 
approach is preferred. Several experimental methods have 
been suggested in [8]: compound erosion rate measurements, 
measurement of mass loss of the bombarded sample or target, 
or the determination of the mass gain by a collecting surface 
or substrate. The downside of all these methods is either a 
long acquisition time, excluding time-resolved measurements, 
or a reduced accuracy due to the typically small compound 
sputtering yield values.
Although every experimental method determines the same 
quantity, a large diversity of alumina sputtering yield values 
at low argon ion energies (200 eV) is reported in literature. 
The origin of these differences is not clear, but one general 
trend is noticed. Sputtering yields measured using ion beam 
sources result in generally higher values compared to those 
determined using a magnetron discharge (table 1). Reactive 
magnetron sputtering yields can be measured directly or are 
based on the ratio between the deposition rate in metallic 
and poisoned mode. In the latter case, a value of 0.6 for the 
aluminum metal sputtering yield was taken. The observed 
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discrepancy can probably not be fully attributed to the exper-
imental method. This means that it is not the way how the 
amount of sputtered particles is measured that determines the 
final result, but rather how they are sputtered.
The main difference between ion beam experiments and 
magnetron sputtering is the applied ion current densities. An 
interesting hypothesis is therefore that the compound sput-
tering yield depends on the ion current. To investigate this 
hypothesis a new method has been developed to measure the 
compound sputtering yield. The method is based on the reac-
tive gas consumption of the sputtered metal species. Its short 
acquisition time enables to perform a systematic study in a 
fast way without loosing accuracy.
In the next section,  the method of reactive gas consump-
tion will be described in detail. Secondly, its accuracy will 
be tested by comparing the result to the common weight loss 
method. The weight loss method suffers from secondary 
effects such as redeposition [15]. In order to make the com-
parison reasonable, redeposition will be excluded from the 
weight loss method. The influence of the discharge current on 
the aluminum oxide sputtering yield will then be presented for 
both methods. The novel method allows a time-resolved study 
of the aluminum oxide sputtering yield which will reveal the 
complex dynamical nature of the sputtering yield. The con-
ventional weight loss method is in this case not suitable to 
verify these results, and the trueness will be tested by sputter 
cleaning experiments. Such experiments are a powerful tool 
to investigate target surface properties. Due to the close rela-
tion between the target state (i.e. the ion-induced secondary 
electron yield γisee) and the discharge voltage [16], a lot of 
information can be retrieved by analyzing the discharge 
voltage behavior during sputter cleaning of a poisoned target. 
Recently, the authors illustrated the suitability of this concept. 
Based on sputter cleaning experiments, the thickness of a 
chemisorbed tantalum pentoxide layer as a function of oxygen 
exposure was measured with monolayer precision [17]. This 
method implies though that the compound sputtering yield 
is a priori known. Such sputter cleaning experiments can, 
however, be used in the opposite manner to deduce the sput-
tering yield as illustrated by Depla et al [18]. A set of sputter 
cleaning experiments will be performed to accompany the 
observed dynamical trend in the sputtering yield.
In order to explain our results and the disparate literature 
data (table 1), a mechanism based on gas retention and sub-
sequent diffusion or sputtering is postulated. The implanted 
species are sputtered at a high discharge current, but diffuse 
out of the target at low discharge currents. This results in 
two completely different target states. A pure oxide target at 
low discharge currents, and a target saturated with unbound 
implanted (reactive) ions at high currents. This mechanism 
serves as a pathway to explain the differences between the 
disparate literature data. Additional mechanism such as target 
surface roughening or target surface texturing are as well con-
sidered but they cannot fully explain the observed anomalies 
in the aluminum oxide sputtering yield.
2. Experimental
The experiments were performed in a stainless steel high 
vacuum chamber. The small volume (0.2  ×  0.2  ×  0.4 m3) of 
the chamber ensures a fast stabilization time towards a certain 
steady state pressure. The downside of this small chamber size 
is that the sputtered material is deposited on a small surface 
area. The latter will affect the available metal sites for the 
oxygen to react. This phenomenon is known in the reactive 
sputtering community as a reduced gettering area [1]. To over-
come this issue, the chamber walls were covered with stain-
less steel wool. Prior to the experiments, the chamber and the 
wool were chemically cleaned in a HF solution, removing any 
impurities residing on their surfaces. Furthermore, the out-
gassing of the extra surface was eliminated by baking out the 
setup. The chamber was pumped by a turbomolecular pump, 
backed up by a rotary pump resulting in a base pressure of less 
than 1.5  ×  10−3 Pa as measured by a compact cold cathode 
gauge (Pfeiffer IKR 251) at very low pumping speeds (typi-
cally 3 l s−1). This low pumping speed is needed to maximize 
the pressure difference given a certain reactive gas flow dif-
ference. This aspect forms the base of the proposed method 
of reactive gas consumption as pressure measurements are 
used to determine the gas consumption (see section 3). The 
argon pressure was fixed at 0.5 Pa, and the oxygen fraction 
i.e. PO2/Ptot , was maintained at 0.2. It was demonstrated by 
Bultinck et  al [19] that this results in an oxygen ion frac-
tion of approximately 0.1. The ion flux towards the target is 
therefore mainly governed by argon ions such that it makes 
a comparison with pure argon ion beam sources reasonable. 
These experimental conditions are referred to as the reference 
system.
The home-built two inch planar circular magnetron allowed 
an in situ variation of the magnetic field configuration. The 
design of this magnetron has been previously described in 
detail [20]. The adjustment of the magnetic field at the target 
surface enables to control the discharge voltage [21] while 
altering other system parameters such as the discharge current. 
This allows to fix the discharge voltage at 220 V irrespective 
Table 1. Overview of aluminum oxide sputtering yield values in 
literature. The ion source and corresponding ion current densities 
are tabulated. The experimental method (i.e. how the sputtering 
yield was determined) is mentioned along with the aluminum 
oxide sputtering yield value. The energy of the impinging ions was 
approx. 200 eV. A value of 0.6 for the aluminum metal sputtering 
yield was taken to estimate the aluminum oxide sputtering yield 
based on the ratio of deposition rates.
Ion source
Ion current 
 density  
(mA cm−2)
Experimental 
method
Sputtering yield 
(YAlO1.5/ion)
Ion beam ≈0.05 weight loss (QCM) 0.06 [9]
Ion beam 1 Etching 0.038 [10]
Ion beam 1 Etching (SIMS) 0.065 [11]
DCMS 78 Ratio of dep. rates 0.029 [12]
DCMS 50 Weight loss 0.021 [2]
DCMS 20 Ratio of dep. rates 0.024 [13]
DCMS ≈30 Ratio of dep. rates 0.017 [6]
DCMS 16 Ratio of dep. rates 0.028 [14]
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of the discharge current. The constant voltage ensures a con-
stant ion energy which is necessary to avoid a change of the 
sputtering yield. The magnetron was operated in constant DC 
mode and powered by a Hüttinger 1500 DC power supply. 
The oxygen flow was regulated using an MKS M-330 mass 
flow controller (MFC) with a maximum range of 1 sccm. 
The determination of the reactive gas consumption requires 
an accurately calibrated MFC. As such, a simple calibration 
method is applied which is described briefly in the appendix.
A differential pumped MKS quadrupole residual gas ana-
lyzer (RGA) was mounted onto a small vacuum tube con-
nected to the main chamber. This vacuum tube was pumped 
down to a base pressure below 4  ×  10−6 Pa using a second 
turbomolecular pump. Gas from the main chamber could be 
introduced through a needle valve into this vacuum tube. This 
allowed to study the composition of the gas mixture in the 
main chamber and to determine the oxygen partial pressure 
very accurately. This will show to be essential for the new 
method of reactive gas consumption discussed next.
Additionally, it has been previously mentioned that the 
chamber walls were covered in steel wool to enhance the sur-
face area. In the method of reactive gas consumption (the next 
section), the substrate plays a vital role which is not the case 
in the conventional weight loss method. In this method, the 
target is weighted before and after reactive sputtering [22]. 
Based on the mass loss, the sputtering yield is calculated. 
Unlike the method of reactive gas consumption, the weight 
loss method solely depends on target related processes. There 
are, however, additional artifacts such as the return of sput-
tered particles onto the target surface through backscattering 
with the gas atoms close to the target. This process is com-
monly referred to as redeposition. Its impact on the measured 
sputtering yield of metals is typically low. In the case of the 
generally small oxide sputtering yields, the influence of rede-
position cannot be neglected and it needs to be eliminated in 
the weight loss method. At typical magnetron sputtering con-
ditions, the redeposition fraction is on the order of 2 up to 
5% [23]. Most of those redeposited particles arrive within the 
racetrack. These particles will result in an overall decrease of 
the sputtering yield value. Another fraction of the sputtered 
metallic particles are redeposited outside of the racetrack onto 
the target. These particles will react and consume reactive gas. 
The formed layer can be observed by the presence of a black 
and porous ring on the target. Those redeposited particles do 
not result in a weight reduction of the target. On the contrary, 
due to compound formation, they add weight to the target. In 
addition, an important feature of redeposition was simulated 
by Strijckmans et al [15]. The effect of redeposition results in 
an area of effective growth on the target instead of erosion and 
this can lead to a built-up of implanted ions in these regions. 
Their presence will also result in a target mass increase. A 
procedure to eliminate redeposition will now be described.
The first step is to determine the area of the effective target 
erosion. With this perspective, a thin aluminum target was 
coated with a pure copper film [24]. Subsequently, the target 
was sputtered in the poisoned mode and the discharge voltage 
was registered as a function of time. When copper is sputtered 
in an argon/oxygen mixture, the discharge voltage increases 
in contrast to the case of aluminum [18]. This large differ-
ence in discharge voltage enables to meticulous evaluate the 
removal of the copper layer. If the discharge voltage reached 
(within 1%) the same voltage as the pure aluminum target, the 
sputter removal was aborted. The remnant in copper now out-
lines the area of effective target erosion, namely the racetrack. 
A ring matching the dimensions of the remnant copper around 
the racetrack was placed on the target. The inner center spot 
of the aluminum target was drilled out resulting in redeposi-
tion on the cathode itself rather than on the target. By using 
thin aluminum targets (0.1 mm thickness), the target could be 
weighted before and after sputtering with a high precision bal-
ance (Mettler Toledo XP6 ultra-micro balance with a resolu-
tion of 1 µg and an accuracy of 4 µg). The weight loss method 
excluding redeposition will be deployed (section 4.1) to probe 
the accuracy of the new method of reactive gas consumption.
In contrast to the weight loss method and other methods 
proposed in literature, the new method enables to measure the 
compound sputtering yield with an enhanced time resolution 
which is determined by the rate of registration of the reactive 
gas pressure (approx. 0.5 Hz in our case). This means that the 
acquisition time is reduced to the order of seconds. A standard 
procedure is maintained to ensure the reproducibility of these 
time-resolved experiments. The target is sputtered under the 
reference conditions at a discharge current of 0.2 A prior to 
the actual measurement. After this initial stage, the discharge 
is switched off for a certain time. In a final step, the discharge 
was reignited under the reference conditions at different dis-
charge currents (0.05, 0.1 and 0.4 A). This procedure allows 
to study the dynamical nature of the sputtering yield as the 
initial sputtering yield value differs from its steady state value 
(see further).
The weight loss method is however, not suitable to vouch 
the trueness of these observations. The tiny mass differences 
of the target after sputtering for a few seconds are not meas-
urable. To confront the measurements with the new method, 
sputter cleaning experiments can be used as discussed in [17, 
18]. A valuable quantity in this context is the sputter cleaning 
time tct which is defined as the time needed to sputter remove a 
compound layer with thickness d by pure argon bombardment:
tct ∝ dYc .
 (1)
This cleaning time is typically of the order of 0.1 s–1 s. These 
timescales are comparable to the time resolution of the new 
method of reactive gas consumption. This makes sputter 
cleaning experiments useful to compare the initial sputtering 
yield behavior between both methods. If one assumes that a 
compound layer has formed onto a metal target with a known 
thickness d, the sputtering yield can then be deduced based on 
the same sputter cleaning experiment. In the next section, the 
novel method of reactive gas consumption will be discussed 
in detail.
3. Method of reactive gas consumption
The proposed method to determine the compound sputtering 
yield is based on the consumption of the reactive gas by its 
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chemical reaction with the target material. The reactive gas 
consumption forms the base of the noted Berg model [1] and 
more sophisticated models such as the reactive sputter depo-
sition model [25, 26]. Both models use the reactive gas flow 
to the target qt and the substrate qs to describe the hysteresis 
behavior during reactive magnetron sputtering. One of the 
basic equations  is the steady state balance equation  of the 
reactive gas flow
qin = qp + qs + qt. (2)
This equation  reflects the idea that in steady state, the rate 
at which the molecular reactive gas leaves the system, either 
by the pump qp or by condensing on both the target and sub-
strate surface, must equal the reactive gas flow qin introduced 
in the vacuum chamber by the MFC. Although the description 
of the formation mechanism of compounds on the target as 
well as the gettering process at the substrate are two distinct 
key features to model the hysteresis effect, in the context of 
reactive gas consumption, the difference in reaction mech-
anism is irrelevant. Moreover, from the viewpoint of reactive 
gas consumption, both processes can be seen as one pathway 
to consume the reactive gas [27]. Under the assumption that 
the target is completely poisoned, the amount of reactive gas 
consumed qcons (molecules/s) is given by
qcons = qs + qt =
z
2
IionYc (3)
where z is the stoichiometric coefficient of the formed com-
pound, Iion is the ion current (ions/s) and Yc is the compound 
sputtering yield. The ion current is derived from the measured 
total current by compensating for the electron contribution via 
a constant value of the ion-induced secondary electron yield 
(γisee  =  0.19) as reported by Depla et  al [28]. The possible 
influence of the experimental conditions on the electron yield 
was not accounted for, but the exact value of the electron yield 
has a minor impact on the observed trends. Throughout this 
paper, a sputtered compound particle is defined as MRz with 
M a metal atom and R a reactive gas atom. Hence, the sput-
tering yield is expressed as (MRz/ion). The reactive gases used 
during reactive magnetron sputtering are typically diatomic, 
explaining the factor 1/2. Furthermore, equation (3) assumes 
that all sputtered particles getter reactive gas and form stoi-
chiometric compound. As mentioned in the experimental 
section, the full oxidation can be enhanced by increasing the 
substrate area. This will lower the ratio of the flux of sputtered 
species to the reactive gas flux. Therefore, in our experiments 
the chamber walls were covered using stainless steel wool.
If the condition of full oxidation is reached, equation (3) 
indicates that the compound sputtering yield can be calculated 
based on the reactive gas consumption. In the following, two 
distinct methods to measure this gas consumption during reac-
tive sputtering are discussed.
A schematic overview of the method of reactive gas con-
sumption is presented in figure 1. The first method requires 
an accurate pressure gauge (e.g. a capacitance gauge) as the 
method is based on the determination of the steady state reac-
tive gas pressure Pr,on during reactive sputtering in poisoned 
mode. This pressure is defined as
Pr,on = Ptot,on − PAr,on (4)
where Ptot,on denotes the total pressure of the argon and reac-
tive gas mixture. The pressure PAr,on during sputtering in pure 
argon, but with a poisoned target state, is not necessarily equal 
to the steady state argon pressure without sputtering. After 
ignition of the discharge, PAr,on can change due to gas heating 
and gas rarefaction, or can decrease due to gas incorporation 
in the growing film [29]. In our case, a slight decrease in pres-
sure is typically noticed when the discharge is ignited in pure 
argon. In steady state, the pumping speed of the reactive gas 
Sr relates the reactive partial pressure to the amount of reactive 
gas qp that is pumped. In this way, the reactive gas consump-
tion can be written as
qcons = qin − Pr,onSrkBT . (5)
In the latter equation, qin is expressed in units of reactive gas 
molecules per second.
The compound sputtering yield can then be found by the 
combination of equations (3) and (5). It is clear that a low 
pumping speed is vital to enhance the pressure difference and 
consequently the accuracy of the sputtering yield measurement.
Despite its conceptual simplicity, the above described 
method is hampered by several pitfalls. The pressure can 
be influenced by several different (unknown) processes. 
Furthermore, the value qcons relies on the meticulous deter-
mination of the pumping speed and working gas temperature.
The above mentioned problems can be eliminated by the 
use of a mass spectrometer, as its signal is proportional to the 
Figure 1. Schematic overview of the method of reactive gas 
consumption. The light grey line indicates the relation between 
the reactive gas partial pressure and the reactive gas flow without 
sputtering. This line is determined by the pumping speed Sr. The 
dark grey lines depict a classical reactive sputtering hysteresis 
experiment. The reactive gas consumption qcons in the poisoned 
region of the hysteresis is determined. A key parameter is the 
reactive gas partial pressure during sputtering Pr,on. If a pressure 
gauge is used, only the total pressure can be measured and the 
reactive gas pressure needs to be estimated by subtracting the argon 
pressure.
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reactive gas partial pressure. To correlate the registered signal 
(or pressure) to the reactive gas consumption, it is necessary 
to perform a calibration of the mass spectrometer signal, i.e.
Pr,RGA = aqin + b (6)
where qin is the reactive gas flow introduced in the chamber, 
and Pr,RGA the reactive gas pressure measured by the RGA. 
If the pumping speed is not altered, this calibration has to be 
performed only once. When the reactive gas pressure is deter-
mined first without the plasma (magnetron off mode), and 
then with the magnetron on, the pressure difference ∆Pr,RGA 
can be used to determine the consumed gas,
qcons =
∆Pr,RGA
a
. (7)
Similar to the first method, the reactive gas consumption 
allows to calculate the compound sputtering yield. It is inter-
esting to note that the intercept b of the linear fit (equation (6)) 
will not affect the result. Its value is determined by the residual 
background pressure in both the main vacuum chamber, and 
the small vacuum chamber of the RGA.
Since the alumina sputtering yield is generally low, the 
pressure differences due to reactive gas consumption are 
expected to be low as well. Any systematical change in argon 
pressure can significantly affect the measured total pressure 
and eventually the calculated alumina sputtering yield. As 
such in this paper, preference is given to determine the alu-
minum oxide sputter yield by the RGA method.
4. Results
4.1. Sputtering yield as a function of the discharge current
Figure 2(a) shows the oxygen partial pressure (left axis) as 
measured by the RGA as a function of the discharge current 
after 15 min of sputtering. In this experiment, an aluminum 
target was used. Based on equations (6) and (7), the pressure 
can be converted into the reactive gas consumption qcons. The 
latter is shown on the right hand axis of figure 2(a). The reac-
tive gas consumption does not linearly increase with the dis-
charge current as should be expected if the sputtering yield 
was a fixed constant (see equation (3)). As an example, this 
expected linear behavior using a constant value of Yc  =  0.02 
is shown as a dashed grey line in figure 2. Using equation (3), 
the corresponding alumina sputtering is calculated and pre-
sented as a function of the discharge current in figure 2(b). 
The observed non-linear reactive gas consumption translates 
itself as a discharge current dependent aluminum oxide sput-
tering yield.
To quantitatively investigate the correctness of this result 
based on the reactive gas consumption method, it is con-
fronted with the weight loss method. The results with the 
latter method are presented in figure  3 where redeposition 
is included (closed grey markers) or excluded (open grey 
markers). The sputtering yield excluding redeposition tends 
towards the sputtering yields determined with the gas con-
sumption method. The remaining difference indicates that 
it is not possible to completely exclude redeposition, but it 
nevertheless shows that the reactive gas consumption method 
is able to quantitatively determine the compound sputtering 
yield.
Moreover, figure 3 shows that at higher discharge current, 
the effect of redeposition is suppressed as both weight loss 
results converge towards the gas consumption method. This 
feature can be explained by the enhancement of gas rarefac-
tion. It was demonstrated by Rossnagel [30] that an increasing 
discharge current results in a more diluted gas near the target 
surface. As such, less sputtered particles will backscatter and 
return to the target. Or stated differently, the redeposition 
fraction will become lower and the effect on the weight loss 
method becomes less pronounced.
4.2. Time-resolved behavior of the sputtering yield
Figure 4 shows the result of two types of experiments. In the 
first type of experiments (figure 4(a)), the sputtering yield 
Figure 2. (a) The oxygen partial pressure as a function of the discharge current as measured by the residual gas analyzer (left handed 
axis). This pressure corresponds to the vacuum tube of the RGA and not the main chamber. Based on the pressure difference, the oxygen 
consumption during reactive DC magnetron sputtering of aluminum was determined (right handed axis). (b) The reactive gas consumption 
is converted to the alumina sputtering yield using equation (3). The dashed grey line indicates how the pressure and the reactive gas 
consumption should change linearly at a constant sputtering yield of Yc  =  0.02.
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stabilizes towards a certain value which depends on the dis-
charge current used. These steady state values were previously 
reported in figure 2. The initial value of the sputtering yield is 
however much higher as compared to the steady state value. 
The difference between the initial and final sputtering yield 
diminishes with increasing discharge current. In a second 
series of experiments (see figure 4(b)), the same initial proce-
dure was performed, but the off time was varied. During the 
final step, the reactive gas consumption, and hence the sput-
tering yield, was determined at a fixed discharge current of 
0.1 A. A similar behavior as in figure 4(a) is observed, but the 
sputtering yield increase at the beginning of the experiment is 
smaller as the off time becomes shorter.
The observed initial behavior could again be an artifact of 
the new experimental method. The trueness of this behavior is 
tested by sputter cleaning experiments. The inset of figure 5 
displays the experimental cleaning time as a function of the 
off period between the poisoning and the cleaning stage. The 
decreasing trend can originate from either a reduced oxide 
layer thickness, or from an increment in sputtering yield (see 
equation  (1)). The former is rather unlikely as the formed 
oxide should dissociate spontaneously as a function of time. 
Therefore, the increase in sputtering yield is more plausible. 
An estimation of the initial sputtering yield as a function of 
the off time is presented in figure 5 whereby a constant oxide 
thickness d of 2 nm was assumed. Although the values of the 
Figure 3. The alumina sputtering yield for various discharge currents was measured using two different methods. The discrepancy between 
both the weight loss method and the method of reactive gas consumption can be explained by the redeposition of the sputtered particles 
onto the target. All experiments were performed under reference conditions. The small mass differences due to the low current and low 
sputtering yield could be measured accurately using a Mettler Toledo XP6 ultra-micro balance.
Figure 4. (a) The evolution of the sputtering yield during sputtering. Prior to the measurement, the target was poisoned under reference 
conditions (see text for details) and a discharge current of 0.2 A. Subsequently, the discharge was switch off for an hour (off time: 3600 s). 
The discharge was reignited and the sputtering yield for various discharge currents was determined as a function of time. (b) The evolution 
of the sputtering yield for various off times. The target was again poisoned under reference conditions and a discharge current of 0.2 A. The 
time between poisoning and the experiment was altered. The discharge current was 0.1 A during each measurement.
J. Phys. D: Appl. Phys. 51 (2018) 155202
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initial sputtering yield determined by both methods are not 
equal, the same trend is observed. Therefore, it can be con-
cluded that a changing sputtering yield as a function of sput-
tering time is a target related feature and not a shortcoming of 
the new method of reactive gas consumption.
5. Discussion
Our data clearly shows that the alumina sputter yield depends 
on the discharge current and on the target history (i.e. the off 
time). A few possible explanations for this behavior can be 
suggested, and in the following paragraphs, these mechanisms 
will be reviewed.
A first possible explanation is based on the target surface 
topography. The sputtering yield depends on the ion incidence 
angle, and up to 60° the sputtering yield will increase with 
the incidence angle. As shown by us [31] and others [32], 
the sputtering yield from rough surfaces can differ from the 
sputtering yield for a flat surface. Furthermore, it has been 
shown that the target roughness between the metallic and 
the poisoned mode is different [33]. From this perspective, 
a certain ion dose is most likely needed to smooth the target 
surface after poisoning is iniated. Hence, a transient regime 
with altering sputtering yield as a function of the ion dose 
is expected. This has been previously noticed by Espy et al 
[9]. In this study, the rate of mass change for an aluminum 
film as a function of the ion dose sputtered by low energy 
oxygen ions, was investigated. Since the ion current was con-
stant (50 nA) throughout their experiments, a change in the 
sputtered mass rate as a function of ion dose is similar to a 
change in sputtering yield as a function of sputtering time. 
Their experiments are therefore essentially the same as ours 
shown in figure 4(a). A dose-dependent change of the target 
surface topography becomes as such a concievable explana-
tion. However, the same authors also presented an addional 
effect. After sputtering at a sufficiently high dose, the change 
of mass rate saturates towards a steady state value. The experi-
ment was aborted but continued after 3 days. Surprisingly the 
initial mass rate was significantly higher compared to the 
previous steady state value, but decreased again during sput-
tering. No suggestion was given by the authors. This experi-
ment, however, is similar to our results of the sputtering yield 
as a function of the off time as shown in figures 4(b) and 5. A 
change in target topography without ion bombardment is not 
probable and therefore an alternative time-dependent effect 
rather than a dose-dependent effect is more likely.
A second possible explanation is texturing of the target sur-
face. During target poisoning a compound layer is formed on 
the target surface. This process shows therefore strong simi-
larities to the formation of a thin film under ion bombardment 
[34, 35], and one could argue that the crystallographic struc-
ture of the formed compound layer depends on the ion current 
density. As the sputtering of single crystals can be anisotropic, 
the difference in the sputtering yield can be explained based 
on a cyrstallographic argumentation. When the magnetron 
is switched off, restructuring mechanisms such as grain 
boundary diffusion could affect the layer texture as well. 
Another mechanism which fits in the same reasoning is amor-
phization under ion bombardment [36]. This could explain the 
time dependent effects as crystallization after switching off 
the magnetron could occur. Currently, we cannot rule out this 
mechanism based on our experiments, but no literature sup-
porting this mechanism could be found either.
In contrast to the proposed second mechanism, there are 
quite a number of papers on the retention of implanted gas 
atoms in the target. The concept of implantation, retention and 
subsequent resputtering of noble gas atoms has indeed been 
previously reported and discussed in [37, 38]. Vandervorst 
et al [39, 40] experimentally quantified the amount of retained 
gas and noticed that the steady state concentration is inversely 
proportional to the sputtering yield. As the sputtering yields 
of compounds are generally low, high concentrations can be 
built up in the target. These steady state concentrations are 
a balance between the supply through implantation and the 
removal via desorption or sputtering [40]. In view of this, an 
interesting set of experiments was performed by Beshenkov 
et al [41]. In this work, the momentum of noble gas atoms 
emitted during sputtering was indirectly measured. In this 
way, they were able to distinguish between resputtered and 
desorbed noble gas atoms. They found that under intense ion 
bombardement (i.e. a high current density of the order of 10 
mA cm−2), the implanted noble ions were predominantly 
sputtered, whereas at low current densities (1 µA cm−2) 
the out-diffusion of the noble gas becomes more important. 
Moreover, they stated that the necessity to sputter noble gas 
atoms is a high noble gas concentration in the first mono-
layers of the target, which is more likely due to the generally 
low values of the compound sputtering yield. This makes the 
Figure 5. The sputtering yield of alumina as determined using 
sputter cleaning experiments for various off times. The target was 
poisoned under reference conditions. The off time is defined as the 
time between the poisoning of the target and the subsequent sputter 
cleaning in pure Ar. During the sputter cleaning stage, the pumping 
speed was increased to 70 l s−1 and the discharge current was 0.3 
A. The inset shows the measured cleaning times. A constant oxide 
layer d  =  2 nm is assumed to determine the corresponding alumina 
sputtering yield.
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resputtering of noble gas atoms during reactive magnetron 
sputtering a plausible pathway to reduce the sputtering yield. 
Indeed, if large amounts of noble gas atoms are located near 
the target surface, they can participate in the collision cascade 
and eventually get sputtered from the target. Due to the ener-
getic sputtered noble gas atoms, the system loses energy and 
less metal atoms or compound particles can be sputtered from 
the target surface.
During reactive magnetron sputtering, not only argon ions 
but also atomic oxygen is implanted. If the target (sub)surface 
is saturated with unbound reactive oxygen atoms, these can 
be sputtered as well. This process is more probable since the 
oxygen atoms first have to recombine to an oxygen molecule 
in order to diffuse out of the target. Hence, it is more likely 
that the retention of the reactive gas induces the reduction of 
the sputtering yield. Based on desorption of nitrogen from a 
silicon target a similar argumentation was suggested by our 
research group [25].
The observed current dependency of the compound sput-
tering yield as presented in figure 2 can thus be explained by 
the concept of implantation and out-diffusion/resputtering of 
implanted reactive gas atoms. At high discharge currents, the 
implanted reactive gas atoms are not able to diffuse out due 
to the fast erosion rate. They are rather sputtered and there-
fore reduce the overall sputtering yield of the target. At low 
discharge current, the reactive atoms are given sufficient time 
to diffuse out of the target and hence, more alumina parti-
cles can be sputtered using the same energy input. Thus, at 
low discharge currents (1 mA), the current density (0.1 mA 
cm−2) during the magnetron sputtering experiments becomes 
comparable to typical ion beam source current densities. This 
motivated hypothesis may serve as an explanation for the dis-
crepancy found in literature between ion beam and magnetron 
sputtering experiments.
Furthermore, it makes the interpretation of the intial behav-
iour of the sputtering yield as shown in figure 4 straightfor-
ward. Indeed, when the discharge is ignited, the concentration 
in the subsurface of the target has to build up. The maximum 
concentration of implanted ions is determined by the com-
pound sputtering yield as shown in [40]. Likewise, the com-
pound sputtering yield appears to depend on the implanted 
ion concentration as argued above. The coupling between 
both results in an even increasing implanted ion concentration 
which is limited by the direct sputtering and out-diffusing of 
the implanted ion. The rate at which the target is filled depends 
on the discharge current in two ways. Obviously, the higher the 
discharge current, the faster the concentration can build up. 
But secondly and more importantly, it regulates the amount of 
implanted ions that diffuses out again. The discharge current 
thus determines the actual ion concentration between zero, in 
the limit of low current where every ion diffuses out, and the 
maximum concentration determined by the sputtering erosion 
at high current. As such, a non-linear behavior of the com-
pound sputtering yield evolution as a function of the discharge 
current is measured.
During the off time, the implanted gas atoms are able to 
diffuse out. Hence, the built-up concentration reduces and the 
initial sputtering yield increases. This is most likely what was 
measured in figures 4(b) and 5.
6. Conclusion
In this article, a new experimental method to determine the 
compound sputtering yield based on reactive gas consump-
tion has been introduced. This swift method enables to conve-
niently study the evolution of the compound sputtering yield 
as a function of several operating parameters. It appears that 
the sputtering yield does not only depend on the energy of 
the impinging ions, but also on the ion current density. This 
feature is assumed to be linked to the retention and subsequent 
desorption mechanism of the implanted (reactive) ions. The 
implanted species are mostly sputtered at high current densi-
ties and predominantly diffuse out of the target at low cur-
rent densities. This results in two completely different target 
states. A pure oxide target and a target saturated with unbound 
implanted (reactive) ions. It is therefore doubtful if the sput-
tering yield, or more generally, all target related quantities can 
be mutually transferred between magnetron sputtering and ion 
beam experiments.
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Appendix
A simple mass flow controller (MFC) calibration method 
based on the ideal gas law is introduced.
A vacuum tube was pumped down by a rotary pump to a 
pressure of less than 1 Pa. Subsequently, a certain reactive gas 
flow qset was inserted through the MFC and a valve connecting 
the pump to the vacuum tube was closed. As a result, the pres-
sure inside the tube increases at a constant rate
dP
dt
=
kBT
V
dN
dt
 (A.1)
where kB denotes Boltzmann’s constant. The pressure P is 
measured using a Pirani gauge (Pfeiffer TPR281). If both the 
temperature T and the volume V of the tube are accurately 
known, a linear fit of the pressure as function of time yields 
the actual oxygen flow qact  =  dN/dt (molecules/s) of the MFC. 
The same procedure was repeated without the addition of the 
reactive gas to estimate the flow of air leaking into the system. 
The actual flow is measured for several setpoint values of 
the MFC. In this way, a calibration curve between the actual 
flow qact and the flow as indicated by the MFC qset can be 
constructed.
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